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The passage of an individual’s genome to future gen-
erations is essential for the maintenance of species
and is mediated by highly specialized cells, the germ
cells. Genetic studies in a number of model organisms
have provided insight into the molecular mechanisms
that control specification, migration and survival of
early germ cells. Focusing on Drosophila, we will
discuss the mechanisms by which germ cells initially
form and remain transcriptionally silent while somatic
cells are transcriptionally active. We will further
discuss three separate attractive and repellent guid-
ance pathways, mediated by a G-protein coupled
receptor, two lipid phosphate phosphohydrolases, and
isoprenylation. We will compare and contrast these
findings with those obtained in other organisms, in
particular zebrafish and mice. While aspects of germ
cell specification are strikingly different between these
species, germ cell specific gene functions have been
conserved. In particular, mechanisms that sense
directional cues during germ cell migration seem to be
shared between invertebrates and vertebrates.
Introduction
In most organisms, germ cells are set aside from the
somatic cells early during development. The mecha-
nisms by which germ cells are specified can vary dra-
matically: in some organisms, maternally synthesized
germ plasm determines germ cell fate, while in others
germ cells form by cell–cell induction. Irrespective of
how germ cell fate is initially established, primordial
germ cells (PGCs) are highly specialized and unable to
give rise to any other cell type than germ cells when
transplanted from one embryo to the next in mice or
flies [1,2]. In many organisms, germ cells migrate
through and along various somatic tissues soon after
their specification to reach the somatic component of
the gonad. In the gonad, specific interactions between
germ cells and soma regulate sex-specific development
and differentiation into egg and sperm. Eventually germ
cells undergo meiosis, a germ cell-specific cell cycle.
This phase of their differentiation does not only allow
for the recombination of the grandparental genomes,
but may also be the secret of germ line immortality, as
DNA repair checkpoints control DNA damage and epi-
genetic marks are erased.
Most organisms produce gametes throughout much of
their adult life. Continuous sperm and egg production is
achieved by asymmetric division of germ stem cells,
such that one product remains a stem cell while the
other differentiates [3]. Recent data show that during
Drosophila oogenesis, a subset of primordial germ cells
becomes associated with specific somatic cells, the
niche, which protects the germ line stem cells from dif-
ferentiation [3,4]. In this review, we will concentrate on
the early stages of germ line development, in particular
we will describe mechanisms that regulate germ cell
specification and control germ cell migration.
Formation of Primordial Germ Cells
In Drosophila, germ cells are formed from a specialized,
maternally provided cytoplasm that is sequestered at
the posterior pole of the oocyte during oogenesis [5,6].
Oskar protein and at least three other RNA binding pro-
teins, Vasa, Tudor, and Aubergine, are essential for germ
plasm assembly, including large ribosome-rich struc-
tures, the polar granules, which harbor germ line specific
RNAs and proteins [7–13] (Figure 1). Several functions
have been attributed to the germ plasm and its compo-
nents: localization and translation of maternal RNAs and
proteins [14] and their protection from degradation [15];
a mode of cellularization that is specific to primordial
germ cells  [16]; global transcriptional silencing [17]; and
germ cell migration [18] (Table1; Figure 1).
The early Drosophila embryo is a syncytium of syn-
chronously dividing nuclei [16]. Germ cells are the first
cells to form, as nuclei become surrounded by cell
membranes once they reach the germ plasm at the
posterior pole. The germ plasm as well as the correct
timing in reaching the posterior pole are critical for the
formation of primordial germ cells [19,20]. After cellu-
larization, these cells cease synchronous division and
are committed to germ cell fate, as shown by trans-
plantation experiments [2]. The somatic nuclei, in con-
trast, continue to divide synchronously before they
become incorporated into cells. While the process of
PGC formation can be best described as a budding of
the cell membrane, somatic cells form by the ingrowth
of a polarized membrane [21]. The distinct ways by
which germ cells and somatic cells form are controlled
by separate genetic pathways: maternal effect muta-
tions in oskar, vasa, tudor and aubergine disrupt only
germ cell formation, whereas a small number of early
zygotically expressed genes, such as slow as molasses
(slam), nullo, bottleneck and serendipity-α specifically
interfere with formation of the somatic cells, leaving
germ cell formation intact [22–26].
Transcriptional Silencing of Germ Cells
As soon as the germ cells form, the future germ cell
nuclei become transcriptionally repressed [27]. Whereas
transcription in somatic cells starts as early as 1 h after
egg laying (AEL), the first germ cell transcripts are
detected at stage 8–9 (3.5 h AEL), when transcription of
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vasa, tailless (tll) and zerknüllt (zen) is activated [28,29].
Transcriptional silencing in germ cells correlates with the
absence of transcriptionally active RNA polymerase II
(RNApolII) as judged by the lack of phosphorylation at
Serine 2 in a repeated heptapeptide motif in the
carboxy-terminal tail (CTD) of RNApolII [29–31]. Further-
more, germ cells lack histone methylation modifications
that are characteristic for transcriptionally active chro-
matin, suggesting that transcriptional silencing in germ
cells is due to an active repression of transcriptional
activation [29,31].
Three localized RNAs, germ cell-less (gcl), nanos (nos)
and polar granule component (pgc) have been implicated
in the early events of germ cell specification and tran-
scriptional repression. Gcl protein is localized per-inu-
clearly and loss of Gcl function leads to a drastic
reduction in germ cell number [32]. Although transcrip-
tional silencing is established normally in gcl mutant germ
cells, misexpression of gcl interferes with transcription at
the ectopic site. It has, therefore, been proposed that the
Gcl dependent transcriptional silencing of posterior nuclei
serves as a prerequisite for germ cell formation [33].
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Table 1. Genes involved in germ cell development in Drosophila.
Gene Product Function Reference
Germ plasm and germ cell formation
oskar (osk) Novel Germ plasm assembly [6,9,115,116]
vasa (vas) DEAD box helicase Germ plasm assembly, translation [10,11]
aubergine (aub) Piwi-Paz domain Germ plasm assembly, miRNA processing [6,12,119,120]
tudor (tud) Multiple SMN/Tudor domains Germ plasm assembly [13,119]
germ cell-less (gcl) Nuclear envelope protein PGC formation, PGC transcriptional repression [32,33]
mitochondrial large Structural RNA of mitochondrial PGC formation [8,122]
ribosomal RNA (mtlrRNA) ribosome, transient component
of polar granules
torso (tor) Receptor tyrosine kinase Germ cell formation [29,68]
Germ cell transcription and survival
nanos (nos) CCHC Zn finger Translational  repressor, abdomen formation, PGC [4,34–37,40–42,
migration, survival  & repression of differentiation, 45–47,61]
adult stem cell maintenance
pumilio (pum) Pum/Puf homology domains Translational  repressor, abdomen formation, PGC [4,38–44]
migration, survival & repression of differentiation, 
adult stem cell maintenance
polar granule Non-coding RNA Transcriptional repression in PGCs, PGC migration, [29,48,49]
component (pgc) survival
outsider Unknown Death of mismigrated PGCs [123]
Germ cell migration
trapped in endoderm-1 G-protein coupled receptor Migration of PGC across posterior midgut epithelium [73]
(tre-1)
wunen (wun) Lipidphosphate phosphatase (LPP) PGC repulsion [76–78,80,81]
Wunen 2 (wun-2) Lipidphosphate phosphatase (LPP) PGC repulsion, PGC survival [77,78,80,81]
Hmgcr HMGCoA reductase PGC attraction to mesoderm [83,85]
fpps Farnesyldiphosphate synthase PGC attraction to mesoderm [85]
quemao (qm) Geranyl-geranyl diphosphate PGC attraction to mesoderm [85]
synthase
GGT1 Geranyl-geranyl transferase PGC attraction to mesoderm [85]
slow as molasses (slam) Novel Cellularization, transition of PGCs from gut to mesoderm[25,26]
Endoderm and gonadal mesoderm patterning
serpent (srp) GATA factor Midgut differentiation [67,71,72]
huckebein (hkb) C2H2 Zn finger Midgut differentiation [67,71,72]
tinman (tin) Homeodomain protein Lateral mesoderm specification [124]
zincfinger homeodomain Zincfinger homeodomain protein Lateral mesoderm specification, development of [71,124]
protein 1 (zfh-1) gonadal mesoderm
brachyenteron (byn) T-box protein Caudal visceral mesoderm specification [124,125]
Abdominal A (AbdA) Homeodomain protein Specification of somatic gonadal mesoderm [71,126,127]
Abdominal B (AbdB) Homeodomain protein Specification of posterior somatic gonadal mesoderm [126,127]
cluster
clift/ eyes  absent (cli/eya) Transcription factor, phosphatase Development of gonadal mesoderm clusters [128,129]
six4/5 Homeodomain protein development of gonadal mesoderm [130]
Gonad coalescence
fear of intimacy (foi) Multi-transmembrane protein, Gonadal mesoderm coalescence [91,92]
possibly Zn transporter
E-cadherin (Ecad) E-cadherin Gonad coalescence, germ cell migration [92]
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Another germ plasm component, nanos (nos), also
affects transcription in germ cells. nos RNA is mater-
nally synthesized and present throughout the embryo
but enriched in the pole plasm [34–36]. Nos and its
partner Pumilio (Pum) were initially identified for their
role as translational regulators during abdomen forma-
tion in the early embryo [37–41], but their function in
germ cells is less well defined. nos or pum mutant germ
cells, i.e., germ cells in embryos derived from homozy-
gous mutant females, divide too early, fail to undergo
proper migration, clump together in ectopic positions,
and many die at the end of embryogenesis [42–45]. The
germ cell defects observed in nos and pum mutant
embryos have been attributed to precocious transcrip-
tion of germ-cell specific genes as well as inappropri-
ate expression of genes that are normally restricted to
the soma [42,45–47]. It is likely that Nos and Pum
repress transcription in germ cells indirectly via their
role as translational repressors, perhaps by inhibiting
components of the transcriptional machinery itself.
Recently, a third germ plasm factor, polar granule
component (pgc), was shown to be necessary for tran-
scriptional silencing of germ cells [29,48]. pgc is a
maternally synthesized RNA that does not encode a
protein [49]. In embryos from pgc mutant females, germ
cells fail to migrate correctly, clump together and many
germ cells die prematurely [49]. Lack of pgc RNA has a
striking effect on gene expression in germ cells. Genes
normally expressed in posterior somatic cells, such as
tll, zen and slam, are transcribed in pgc mutant germ
cells as soon as their expression is activated in the
neighboring somatic cells [29,48]. These germ cells also
show a pattern of RNA polymerase activity and histone
methylation, which is similar to that of neighboring
somatic nuclei [29]. As pgc RNA is present in early
germ cells while transcription is repressed, it has been
proposed that pgc RNA may directly inhibit a kinase
that phosphorylates the CTD of RNApolII [29].
At this point, it remains unclear how Nos/Pum, Gcl
and pgc RNA may suppress transcription in germ cells.
As gcl also affects germ cell formation, it may act at an
earlier stage than pgc and nos/pum. Nos and Pum
function is not restricted to early germ cell specification,
but is required throughout germ line development, sug-
gesting that the primary role of these genes is to main-
tain germ cell identity. pgc RNA appears not to have
roles at later stages of Drosophila germ cell develop-
ment, suggesting that it may specifically target tran-
scriptional silencing in germ cells. Judged by epistasis
and expression studies, it seems most plausible that
pgc, Gcl and the Pum/Nos complex define largely
independent pathways. These pathways indeed high-
light the unique control mechanisms that set apart
germ cells from somatic cells: the distinct mode of
germ cell formation (Gcl), the prominent role of transla-
tion for the regulation of gene expression in germ cells
(Nos and Pum) and finally the impact of global tran-
scriptional silencing on germ cell development (pgc).
Germ Cell Specification in Other Model Organisms
In Caenorhabditis elegans, zebrafish and Xenopus, germ
cell specification also requires a specialized germ plasm
that is synthesized maternally and characterized by large
electron-dense particles containing RNA and protein
(referred to as ‘nuage’, ‘polar granules’ or ‘P granules’)
[5,18,50,51]. As in Drosophila, C. elegans PGCs are 
Figure 1. Germ plasm assembly and germ
cell formation in Drosophila.
Localization of oskar RNA and protein,
and thus germ plasm assembly is regu-
lated by microtubule directed RNA trans-
port, by RNA splicing and translational
control [141,115–118,131,132]. Each panel
depicts one of the processes that set
germ cells apart from somatic cells. From
left: Differential RNA stability: At the early
cleavage stage (stage 2), pgc RNA is
present throughout the embryo and
enriched in germ plasm. At the syncytial
blastoderm stage (stage 4), pgc RNA is
degraded in the somatic cells and pro-
tected from degradation in germ cells.
Several RNAs (pgc, nos, gcl and hsp83)
are protected in germ cells, but the mech-
anisms are not fully understood [15]. Germ
cell formation: In a stage 3 embryo, germ
cells have ‘budded’. Neurotactin in green
marks all cell membranes, while Slam in
red marks the growing polarized mem-
brane of the somatic cells, which at this
stage has not yet started to progress
inward. mitochondrial large ribosomal
(mtlr) RNA, a transient component of germ
plasm, and gcl affect formation of germ
cells but not polar granules [8,32]. Tran-
scriptional silencing: At stage 4, RNApolII
is active (apparent as phosphorylation of Ser2 in the CTD; red) in all somatic nuclei, but not in germ cells (marked by anti-Vasa anti-
body; green). Germ cell migration: At early stage 10, germ cells (green, anti-Vasa antibody) are migrating through the posterior midgut
(labeled with anti-Neurotactin). For a more complete list of genes affecting a particular step in germ cell migration, see Table 1.
OSKAR
VASA
AUBERGINE
TUDOR
osk RNA splicing and transport
osk RNA translationOsk protein stability
Germ plasm
Germ cell formation Transcriptional silencing
Germ cell migrationRNA localization
RNA protection
pgc RNA α-Vasa and
α-Neurotactin
α-Vasa and
CTD-pSer2
α-Slam and
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Germ plasm
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transcriptionally silent and lack active RNApolII, whereas
early zebrafish germ cells appear transcriptionally active
[51–53]. In contrast to maternal, germ plasm-dependent
mechanisms, germ cells in many other organisms form
as a result of inductive interactions between different
tissues of the zygote. Indeed, it has been proposed that
induction is the major and evolutionarily basal mode of
germ cell specification [54]. The best-studied example
for this mode of germ cell specification is the mouse
embryo, where it was shown that germ cell specification
is the result of an inductive event between the extra-
embryonic ectoderm and the epiblast. Transplantation
experiments showed that it is the position of the cells,
rather than their origin, that determines germ cell fate
[55,56]. Furthermore, experiments using chimeras of
wild-type and mutant tissue demonstrated that expres-
sion of the Bone morphogenetic proteins (BMPs) 4 and
7 in the extraembryonic ectoderm is sufficient to induce
germ cells among the neighboring epiblast cells [57,58].
Mouse PGCs are transcriptionally active, but they
assume a germ cell specific gene expression program,
which entails the repression of genes that are active in
neighboring somatic tissues [59].
The striking difference in how germ cells are set aside
in different species seems to seriously challenge the
paradigm of a common evolutionary origin of germ cells.
Nevertheless, many of the genes that set germ cells
apart from somatic cells are shared among species, irre-
spective of the mode of germ cell specification, 
suggesting a common germ cell identity program [54].
An informative example in support of this latter hypoth-
esis is the role of Pum, Nos and the BMP related ligand
Decapentaplegic (Dpp) and its receptor Thickveins
(Tkv) in Drosophila germ line development. During
embryogenesis, Nos, Pum and Tkv are maternally pro-
vided to the germ plasm [36,38,60]. In the adult, the
same genes are transcribed in the germ line stem cells
where they are likely to be regulated by inductive inter-
actions between somatic cells and germ cells [3,44].
Recent results suggest a remarkably similar function of
these genes in germ line stem cells and PGCs. Two
groups reported that the same genes (nos, pum and
tkv) that are required in the adult to maintain germ line
stem cell fate by preventing differentiation, also act in
PGCs to prevent precocious germ cell differentiation
[4,61]. Furthermore, adult germ line stem cells trans-
planted into the early blastoderm embryo can fulfill the
migratory functions of PGCs, and give rise to functional
adult stem cells [62] (Niki and Mahowald, personal
communication). Thus, irrespective of the mode by
which their expression is achieved, Nos, Pum or Tkv
fulfill similar functions. With regard to germ cell specifi-
cation in different organisms, one could argue that it is
the unique expression profile that determines “germ
cell-ness”, and that, depending on developmental pace
and constraints, this profile can be achieved either by
depositing maternally synthesized gene products or by
induction of transcription.
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Figure 2. Stages of PGC migration in
Drosophila and genes involved.
Schematic drawings of embryos after
[133], with the anterior to the left and
dorsal on top. Yellow, germ cells; red,
midgut; green, all mesoderm at stage 10,
somatic gonadal precursor clusters from
stage 11 onward; blue, male specific
somatic gonadal precursors, drawn as in
male gonad morphogenesis. Several of
the genes listed here are described in the
text, others are listed in Table 1.
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Germ Cell Migration
Embryonic gonads are composed of two tightly associ-
ated cell types: germ cells and somatic gonadal tissue.
These two cell types are formed in different places at
different times during embryonic development. Their
ability to associate is a result of active PGC migration
toward the somatic component of the gonad. In the fol-
lowing we will discuss: What signals trigger germ cell
migration? What signals guide germ cells along their
pathways? What receptors allow germ cells to recog-
nize external signals? And, how conserved are these
signals in different organisms?
In Drosophila, PGCs form adjacent to the anlage of
the posterior midgut. During gastrulation, as the germ
band extends, they are carried along the dorsal side of
the embryo in close association with the posterior
midgut primordium. As the primordium invaginates,
the germ cells are carried to the inside of the embryo.
Next, they actively migrate across the epithelium of
the posterior midgut primordium and then dorsally
along its basal side. Finally, germ cells migrate away
from the midgut toward the adjacent mesoderm where
they associate with somatic gonadal precursor cells.
During germ band retraction, germ cells and the asso-
ciated somatic gonadal precursor cells migrate ante-
riorly until the gonadal cells round up to coalesce into
the embryonic gonad (Figure 2; for reviews on germ
cell migration in Drosophila, mouse and zebrafish, 
see [18,63–66]).
Initiation of Migration and Transepithelial Migration
Upon formation, germ cells adhere to the future poste-
rior midgut. While germ cells show little motility during
blastoderm stages and gastrulation, two reports
suggest that they may be actively prevented from migra-
tion at these stages. First, in heterochronic transplanta-
tion experiments Jaglarz and Howard [67] showed that
germ cells transplanted from the cellular blastoderm into
the midgut pocket were able to migrate through the
midgut epithelium. Second, a recent report suggests
that the Jak/Stat pathway activated by the Torso recep-
tor tyrosine kinase may be involved in the continuous
association of germ cells with somatic cells [68]. The
first clear sign of active germ cell migration is the cross-
ing of the midgut epithelium. Ultrastructural studies
showed that, in the wild-type, apical junctions of the
posterior midgut dissolve and gaps are formed between
cells through which germ cells are able to pass [69,70].
In mutants in which these intercellular gaps fail to form,
such as serpent (srp) or huckebein (hkb), germ cells are
incapable of migrating across the posterior midgut and
remain trapped inside [67,69,71,72].
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Figure 3. tre-1 is required for PGC migra-
tion through the posterior midgut.
(A) Top: wild-type and tre-1 mutant
embryos at stage 11, stained with anti-
Vasa antibody. Bottom: drawing of the
migration phenotype in wild-type and
mutant. In tre-1 mutants, the PGCs fail to
traverse the midgut epithelium and remain
in the lumen of the gut. (B) Two models of
Tre-1 action: Tre-1 could either be required
at a short range, affecting germ cell-to-
germ cell or germ cell-to-midgut interac-
tions (left germ cell, hypothetical ligand
distribution as in 1). Alternatively, Tre-1
could act in a more long range fashion, by
following a chemotactic gradient emanat-
ing from the basal side of the midgut
epithelium or the yolk (right germ cell,
hypothetical ligand distribution as in 2).
Drawings adapted from [134].
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Recently a novel G-protein coupled receptor, trapped
in endoderm-1 (tre-1) was identified, which acts in the
germ cells and seems specifically required for the
transepithelial migration of germ cells [73]. In embryos
from tre-1 mutant females, the posterior midgut
appears normal, but most germ cells are trapped inside
the epithelium (Figure 3A). How Tre-1 mediates
transepithelial migration is unclear. Expression of dom-
inant active and negative forms of small GTPases in
germ cells identified Rho1 as a possible downstream
component; however, it remains unclear how Rho1 is
activated by Tre-1 (Figure 3B) [73]. In analogy to
transepithelial migration of leukocytes [74,75], Tre-1
could act at short range to mediate interaction between
germ cells and the midgut to allow transepithelial trans-
gression or it could act as a receptor for a more long-
range chemoattractant that guides germ cells through
the epithelium (Figure 3B).
Migration of Germ Cells along the Posterior Midgut
Once germ cells have passed through the midgut, they
migrate along this epithelium to orient toward the
dorsal side of the embryo. wunen (wun) and its
homolog, wunen-2 (wun-2), are expressed in the ventral
most region of the posterior midgut and repel germ
cells from this part of the tissue [76,77]. Wun and Wun-
2 act redundantly in the soma. In wun;wun-2 double
mutant embryos, germ cells exit the gut normally but
fail to orient dorsally on the posterior midgut and
instead spread over its entire surface, rarely reaching
the somatic gonadal precursors (Figure 4A) [76,77].
Ectopic expression of either of these genes in the
mesoderm causes germ cells to migrate away from that
tissue, showing that each of these genes is sufficient to
repel germ cells [76,77]. wun and wun-2, encode
Drosophila homologs of mammalian lipid phosphate
phosphatase (LPP) [78–80]. Conservation between
mammalian and fly LPP activity is suggested by the fact
that human LPP3 when ectopically expressed in flies
affects germ cell migration and survival in a way similar
to Wunen itself [78].
The ‘Wunens’, like their mammalian counterpart, are
transmembrane exoenzymes, with their catalytic phos-
phatase domain on the cell surface. Catalytic activity of
the Wunens leads to hydrolysis of phospholipid sub-
strates ([78], Michelle Starz-Gaiano, Andrew Renault,
Yury Sigal, Andrew Morris and Ruth Lehmann, unpub-
lished data). While their in vitro substrates include
Current Biology
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Figure 4. Repulsion of PGCs  from the
midgut is mediated by Wunen and
Wunen2.
(A) Top: wild-type and wunen/wunen2
mutant embryos at late stage 11, stained
with anti-Vasa antibody. Bottom: drawing
of the migration phenotype in wild-type
and mutant. In wunen mutant embryos,
germ cells are found at ectopic positions
inside and outside of the midgut. Sites of
Hmgcr expression (green) indicate the
source of an unknown PGC attractant. 
(B) Models of Wun/Wun2 action:
Wun/Wun2 expressed in somatic cells
hydrolyses a phospholipid PGC attractant,
and germ cells move toward higher con-
centration of the phospholipid, away from
the sites of Wun/Wun2 expression. An
alternative, indirect model would require
the production of a germ cell repellant by
Wun/Wun2 expressing cells [134]. Draw-
ings adapted from [134].
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Hypothetical receptor
Sphingosine 1 phosphate (S1P), lysophosphatidic acid
(LPA), phosphatidic acid and ceramide 1 phosphate, no
specific substrates have been assigned to any one of
the three mammalian LPPs or the Wunens.  Interest-
ingly, LPP3 but not mammalian LPP1 can substitute for
Wunen function in Drosophila, suggesting that in vivo
LPPs show substrate specificity or that the distribution
of LPPs within cells may differ and be critical for func-
tion [78]. In mammalian cells it was shown that the
hydrolyzed lipid is taken up into the LPP expressing
cells [81]. According to one model, hydrolysis of a
phospholipid by somatic cells would deplete the source
of the lipid germ cell factor, driving germ cells away
from Wun/Wun-2 expressing regions. According to this
model, the phospholipid itself may signal to germ cells.
While in mammalian cells specific G-protein coupled
receptors are activated by S1P and LPA, homologs for
such receptors have not been identified in insects [82]
(Figure 4B). In an alternative model, Wun/Wun2 expres-
sion in somatic cells would lead to production of a
germ cell repellant (Figure 4B). In this, more indirect
model, the Wun/Wun2 phospholipid substrate would
not exert bioactivity on germ cells.
Migration of Germ Cells toward the Mesoderm
From the midgut, germ cells migrate toward the adja-
cent mesoderm and attach to the gonadal mesoderm. A
protein that was shown to directly provide germ cells
with attractive guidance cues toward the gonadal meso-
derm is 3-Hydroxy 3-Methylglutaryl Coenzyme A
(HMGCoAR/Hmgcr) [83]. In Hmgcr mutant embryos,
germ cells fail to migrate toward the mesoderm and
remain associated with the dorsal region of the posterior
midgut (Figure 5A). This phenotype is specific for germ
cells. Differentiation of the mesoderm and somatic
gonad precursors seems unaffected in Hmgcr mutants.
An instructive role of HMGCoAR in the production of a
germ cell attractant was further demonstrated by the
fact that ectopic expression of HMGCoAR is sufficient
to attract germ cells [83]. In mammals, HMGCoAR is the
rate-limiting enzyme for the biosynthesis of isoprenoids
and cholesterol. Given the multitude of molecules in a
cell that are either cholesterol modified or isoprenylated,
the specificity of the Hmgcr mutant phenotype for germ
cell migration seems surprising.
One suggestion was that HMGCoAR mediated cho-
lesterol modification of the signaling protein Hedgehog
Review
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Figure 5. Attraction of PGCs to the
gonadal mesoderm is mediated by
HMGCoA Reductase (HMGCoAR/hmgcr).
(A) Top: wild-type and Hmgcr mutant
embryos at late stage 11, stained with
anti-Vasa antibody. Bottom: drawing of
the migration phenotype in wild-type and
mutant. In the Hmgcr mutant, most germ
cells fail to migrate toward the somatic
gonadal mesoderm and remain stuck on
the midgut or scattered in the mesoderm.
(B) Model of HMGCoAR action: Farnesyl-
Diphosphate Synthase (Fpps), Geranyl-
geranyl-Diphosphate Synthase (quemao)
and Geranylgeranyl Transferase type I
(GGT1) act downstream of HMGCoAR in
germ cell migration. [85]. Consistent with
a role of geranylgeranylation, two scenar-
ios could lead to germ cell attraction: in a
direct model (1), the germ cell attractant
itself requires geranylation to be active. In
an indirect model (2), geranylation affects
either production or secretion of the
attractant. Drawings adapted from [134].
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(Hh) could explain the attracting activity of the enzyme
[84]. However, the fly genome lacks several enzymes
required for cholesterol biosynthesis downstream of
HMGCoAR [85]. Furthermore, depletion of the Hh medi-
ator Smoothened in germ cells does not cause a signif-
icant migration defect [84,86]. Thus, Hh or other
cholesterol and cholesterol-modified proteins unlikely
mediate PGC migration downstream of HMGCoAR.
Further genetic analysis of the HMGCoAR pathway
revealed that two enzymes required for the production
of isoprenoids, Farnesyl-Diphosphate Synthase (fpps)
and Geranylgeranyl-Diphosphate Synthase (quemao),
control germ cell migration downstream of HMGCoAR
and that mis-expression of these enzymes results in
ectopic germ cell attraction, similar to what is observed
with HMGCoAR (Figure 5B) [85]. Consistent with a role
of geranylgeranylation, embryos deficient in Geranyl-
geranyl Transferase type I (GTT1) also display germ cell
migration defects. These results suggest that a lipid
modified attractant guides germ cells. This could either
be achieved by direct isoprenylation of a yet hypotheti-
cal germ cell attractant or, more indirectly, via isopreny-
lation of factors that are rate limiting for transcription or
secretion of the attractant (Figure 5B).
Alignment of Germ Cells with Somatic Gonadal
Precursors and Gonad Coalescence
Having reached the mesoderm, germ cells associate
with the somatic gonadal precursors, three bilateral
clusters of mesodermal cells in parasegments 10–12
[87]. A fourth, sex-specific cluster, called male-specific
somatic gonadal precursors is specified independently
of the other three clusters and is formed in parasegment
13 in both males and females [88] (Figure 2). As devel-
opment proceeds, the male specific precursors move
anteriorly and are incorporated into the male gonad,
while they are eliminated by cell death from the female
gonad. This cluster expresses Sox100B, the homolog of
Sox9, a gene essential for testis development in
mammals raising the possibility that a conserved
pathway controls gonad sexual dimorphism [88,89].
Germ cells initially associate with the more posterior
gonadal precursor clusters and then move anteriorly
toward the most anterior cluster during germ band
retraction (stage 12). As the germ band has fully
retracted, the three clusters and the associated germ
cells merge and finally compact into round gonads [85].
The morphogenetic movements that lead to gonad coa-
lescence happen even in the absence of germ cells, sug-
gesting that this process is controlled by the soma and
not by germ cells [90]. The gene fear-of-intimacy (foi)
encoding a transmembrane protein as well as the gene
shotgun (stg) encoding fly E-Cadherin have been shown
to be involved in this final step of embryonic gonad mor-
phogenesis (Figure 2) [91,92]. Foi encodes a conserved
multidomain transmembrane protein, which belongs to
a family of putative Zinc transporters [93]. Among its
closest homologs is LIV1, an estrogen responsive gene
identified from human breast cancer cells [94]. Recently,
a LIV1 homolog was shown to regulate epithelial to mes-
enchymal transition during zebrafish gastrulation by con-
trolling the expression of the Zinc-finger transcription
factor Snail [95]. Consistent with a role of this family of
Zinc transporters in regulating cell shape changes during
migration or metastasis formation, Foi may control the
levels of adhesion proteins such as E-Cadherin in order
to modulate the shape and adhesive properties of
somatic gonadal precursors [89,90].
Germ Cell Migration in Fish and Mice
During the last few years, genetic analyses in zebrafish
and mouse have provided insight into the mechanisms
that guide germ cells from their site of origin to the
embryonic gonad in vertebrates (Figure 6) [63,65,96].
Zebrafish germ cells form in four clusters at the
embryo’s vegetal margin, which are distributed ran-
domly with regard to the future dorsal-ventral axis.
During gastrulation, the four clusters move dorsally and
align with the anterior and lateral trunk mesoderm. Two
clusters on each side of the embryo join and migrate
together posteriorly where they align with the gonad.
Live observations suggest that germ cells move indi-
vidually and that periods of directional movement are
interrupted by pausing to sense guidance cues [66].
In the mouse, germ cells move from their site of
induction toward the primitive streak and enter the pos-
terior endoderm, where they spread along the endo-
derm [97]. At stage 9, they reorient along the dorsal side
of the hindgut and exit the gut toward the dorsal body
wall from where they migrate into the genital ridge. Live
observation of mouse germ cell migration in tissue
slices revealed that germ cell migration is completed by
the time the dorsal mesentery forms [64]. These studies
also show that germ cells seem to move individually
and do not necessarily rely on contacts between germ
cells, as was previously suggested by experiments in
tissue culture [64,98].
G-Protein Coupled Receptors
Recent studies have revealed a striking conservation of
germ cell guidance factors and their receptors. Particu-
larly in the zebrafish, the G-protein coupled receptor,
CXCR4 and its ligand, the chemokine SDF-1 are neces-
sary to guide germ cells to the gonad [99,100]. Guidance
of germ cell migration in the zebrafish is complicated by
the fact that the germ cells originate in four different
positions and that each cluster of germ cells has to
reach its final destination. Indeed, a global guidance
system is able to direct germ cells to the right location
even after they have been transplanted to locations they
normally do not occupy  (Figure 6B) [101]. SDF-1 is
expressed along the migratory route and has been
implicated as a long-range guidance factor and a major
determinant of zebrafish germ cell migration [99,100].
SDF-1 and its receptor CXCR4 have also been impli-
cated in germ cell migration in the mouse [102,103].
CXCR4 is expressed in germ cells and SDF-1 is
expressed in the body wall mesenchyme and the genital
ridge [103,104]. In zebrafish, germ cells mutant for
CXCR4 are only affected in their migration, whereas
mouse CXCR4 mutant germ cells die during their tran-
sition from the hindgut to the genital ridge. Only few
germ cells make it to the ridge and those seem to
survive and divide similar to wild type suggesting that
the genital ridge provides a SDF-1 independent survival
factor [102,103]. The first apparent defect in mouse
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CXCR4 mutant germ cells is the failure to move toward
the dorsal side of the hindgut ([102,1031], Zinszner and
Lehmann, unpublished data). This defect precedes
germ cell death and may cause a delay in germ cells
reaching the genital ridge and the required survival
factor. While CXCR4 is not the closest mammalian
homolog of the fly Tre-1 receptor [73], it nevertheless
suggests that G-protein coupled receptor signaling is a
conserved mechanism that guides migrating germ cells.
Conserved Themes
A number of genes and gene families are expressed in
germ cells and conserved from invertebrate to verte-
brates. For example, G-protein coupled receptors seem
to play a role in germ cell migration in Drosophila,
zebrafish and mouse [73,99,100,102,103]. Receptor
tyrosine kinase mediated signaling may be required to
regulate germ cell survival and proliferation in mouse
(Steel factor and its receptor Kit) and Drosophila (Torso
and Jak/Stat pathway) [63,68,105]. RNA binding 
proteins and RNA metabolism in general may play an
important role for germ cell migration and survival as
demonstrated by the role of nanos and pumilio in
Drosophila and mouse germ cell migration and survival,
and the role of dead end in zebrafish germ cell survival
[42,44,106–108]. Finally, recent results from flies and
zebrafish implicate protein modifications by geranyla-
tion as an important factor in providing guidance cues
to migrating germ cells [85,109]. In Drosophila,
HMGCoA reductase and downstream enzymes leading
to isoprenylation are required to attract germ cells and
similar results were obtained using inhibitors of the
HMGCoA reductase pathway in the zebrafish [109]. The
striking specificity of mutations or inhibitors of the
HMGCoA reductase pathway further supports the idea
of common guidance cues for germ cells.
Outlook
Using Drosophila as a base, this review addressed
some of the conserved features of early germ line
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Figure 6. Germ cell migration in zebrafish and mouse.
Top: zebrafish germ cell migration. Germ cells (yellow and blue) form in four clusters and are attracted toward the dorsal side of the
embryo (d), but do not cross the dorsal midline. High levels of the chemokine SDF-1 (green) are found along the migratory route. The
SDF-1 receptor CXCR4 is expressed in the germ cells and mediates guidance to the future gonad. Bottom: mouse germ cell migra-
tion (lateral views with enlarged cross section next to each stage, line indicates level of section). E7.5: Germ cells (yellow) moving
toward the primitive streak; grey, extra-embryonic ectoderm. At stage E8, germ cells migrate along endoderm (red); insert shows germ
cells in endoderm; blue, neural fold. At E9.75, germ cells move on the hindgut (red) toward its dorsal side into the lateral body wall.
The neural tube (blue) is closed. At E10.5, most germ cells have left the hindgut and are in the genital ridge (red and green). The cross
sections are not drawn to scale (drawings after [18]).
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development. From morphological details of germ cell
specification to mechanistic aspects of germ cell
migration, there are striking similarities between early
germ cells in very different animals. Further compara-
tive studies should allow for rapid progress in the field
of germ cell development in a variety of experimental
systems, each lending itself to different experimental
advantages and disadvantages. One finding that
emerges from comparative studies of germ cell migra-
tion is that germ cells may be guided by mechanisms
different from those that guide other cells. For example,
several of the repellant and attractant systems that
guide axons [110] or border cell clusters in the
Drosophila egg chamber [111] have not been identified
in screens for germ cell migration defects in Drosophila
([71]; Kunwar, Sano, Renault and Lehmann unpublished
data). One hypothesis is that migration of germ cells,
which is characterized by an amoeboid and often soli-
tary movement through and along tissues may be
mechanistically more related to the movement of other
single cells, such as neutrophils and Dictyostelium
rather than clusters of cells [112–114]. Further identifi-
cation of attractant and repellant guidance cues and
the interpretation and integration of these signals in
germ cells should provide a more comprehensive
understanding of how germ cells are guided.
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